Abstract. Textured BSCCO superconductors are studied and the various mechanisms for alignment of BSCCO grains addressed. To date, surface energy effects leading to texture development of BSCCO superconductors have been considered only with respect to the free surface of melt-processed Bi-2212 thick films. However, these previous efforts have not included the surface interactions between BSCCO crystals and other solid surfaces present in the BSCCO system. In the present work, a model based on an interfacial energy relation is proposed. In order to verify the model a variety of experiments have been performed. The observation of the microstructure in different BSCCO samples corroborates this model. The following discussion offers a plausible explanation for the various observed phenomena during the partial melt process. During the early stages of solidification, when the peritectic liquid is abundant, BSCCO crystals are rather mobile, facilitating their contact and interaction. As a result, if a crystal has its wide planar c-surface in contact with a foreign surface (e.g. silver substrate, secondary phases, free surface or another BSCCO crystal), it can minimize its surface energy and is likely adhere to that surface. This mechanism, applied to a system with planar constraints, such as a 2212-Ag film, will result in a textured sample, depending on the thickness of the superconducting layer. In a bulk sample however, BSCCO crystals may only minimize their surface energy by adhering to other BSCCO crystals, which will consequently form clusters of locally aligned crystals, i.e. colonies, with no long-range texture. In this fashion, we may also address the role of silver in promoting texture development in BSCCO superconductors.
Introduction
Despite the fact that high critical current densities (J c 's) have been obtained in high-temperature superconductor (HTS) single crystals, the large-scale application of polycrystalline HTSs, such as in wires, solenoids and magnets has been limited by the poor alignment of superconducting grains due to the presence of grain boundary weak links with low values of J c [1] .
Among the three major families of HTSs, namely the Y-Ba-Cu-O (YBCO), Bi-Sr-Ca-Cu-O (BSCCO) and Tl-Ba-Ca-Cu-O (TBCCO) systems, the best wires produced so far have been made of BSCCO material [2] . In this system, three superconducting phases are known, in particular Bi-2201 (T c ∼ 20 K), Bi-2212 (T c ∼ 90 K) and Bi-2223 (T c ∼ 110 K). The microstructure of any of these three phases typically consists of platelets having their crystallographic c-axis perpendicular to the longitudinal plane (figure 1). Although significant results in the fabrication of BSCCO thick films and tapes have been obtained [3] [4] [5] , further improvements are required in order to render these compounds suitable for large-scale applications. Hence, it is important to fully understand the mechanisms that lead to a highly textured microstructure.
In the Bi-2223 compound it is difficult to align well the superconducting grains, because of the complex formation mechanism of the Bi-2223 superconductor phase and the unsuccessful approach of melt texturing the material, whereas in the fabrication process of Bi-2212, the sequence of partial melting and subsequent slow solidification (figure 2) is effective in obtaining a highly oriented c-axis grain microstructure. Thus far four mechanisms for texture formation in melt-processed Bi-2212 have been suggested, namely: (a) heterogeneous nucleation on planar interfaces [6] , (b) buoyancy effects [7] , (c) opportunistic crystal growth [8] and (d) anisotropic grain growth [9] .
The mechanism of heterogeneous nucleation on planar interfaces is based on a comparison between Bi-2212 thick films or tapes with varying thicknesses, for which the degree Heterogeneous nucleation model [6] . (a) Nucleation starts at the Ag-superconductor interface and at the free surface. (b) Grain alignment occurs along the free surface and the substrate. (c) As the solidification proceeds inwards, the alignment deteriorates due to the presence of additional misaligned Bi-2212 crystals.
of texture decreases with increasing thickness [6] . It has been suggested that texture proceeds from the sample surface and silver substrate towards the centre of the films or tapes [6] . An implicit assumption of this model is that during the cooling process from the melt, heterogeneous nucleation on the free surface and/or silver substrate governs the nucleation process ( figure 3(a) ). Since the free surface and the silver substrate are to some extent flat, they constitute a good template for growing superconductor crystals aligned with their c-axis perpendicular to the interface ( figure 3(b) ). It is claimed that as the solidification proceeds from the interface outwards, the alignment of the c-axis of the superconductor grains decreases far from the interfaces, leading to the result that thick films exhibit a lower degree of texture ( figure 3(c) ).
The suggestion of buoyancy effects has its origin in in situ, high temperature, microscopy observations of melting and crystal growth of Bi-2212 thick films. Using this technique, Hasebe et al [10] observed that Bi-2212 platelets were floating on the surface of partially molten thick films. In addition, XRD spectra of these samples, quenched after . Buoyancy model based on the density difference between the peritectic liquid formed during melt processing and the Bi-2212 grains [7] . (a) Bi-2212 grains that are less dense than the surrounding liquid are driven upwards by Archimedes' force. (b) Alignment at the free surface. a gradual cooling from 870
• C, showed very strong 00l reflection lines of the 2212 phase, confirming that the c-axis of the grains close to the free surface was perpendicular to the substrate. Hasebe et al [10] concluded that the texture of the 2212 phase was strongly dependent on the free surface of the solution, and not on the substrate. Hence, it has been argued [7] that the mechanism for texture formation could reside in a density difference between the peritectic liquid and the superconductor crystals. The liquid being denser would cause the 2212 crystals to flow and float towards the top where they could align if they encounter a horizontal surface, (figure 4).
Aksenova et al [8] proposed the so-called opportunistic grain growth model for texture formation, after studying Bi-2212-Ag tapes prepared by the 'powder-in-tube' method and the partial-melt process. The opportunistic grain growth model or unimpeded grain growth model is based on the following suppositions: (1) high anisotropy of the crystalgrowth rate, (2) quasi-two-dimensional crystallization space (i.e. tapes or films), (3) wide separation distance between crystals at the beginning of the crystal growth process and (4) homogeneous nucleation. This model suggests that preferential alignment may occur when the environment in which the grains are growing is geometrically constrained and the morphology of the grains favours crystal growth in certain directions. Grains that are growing in directions free of constraints grow larger than grains oriented in directions limited by the constraints of the system, such as the silver substrate. Hence, for plate-shaped 2212 grains, the growth of grains oriented with their c-axis perpendicular to the silver interface should be favourable with respect to the other orientations. This mechanism results in an enhancement in c-axis grain alignment perpendicular to the interface.
Recently, a mechanism for texture development based on anisotropic crystal growth has been proposed [9] . In this mechanism, small grains can turn themselves into a favourable orientation when the growth of Bi-2212 superconductor grains is hindered by an obstacle. In particular, Bi-2212 grains can stop growing, change their growth direction or even cut through the obstacle. Since crystal growth in the c crystallographic direction is much slower than in the ab direction, when a grain encounters an obstacle (figure 5(a) and (b)), it is very unlikely that the growth in the ab-planes ceases and growth proceeds solely in the slow c direction. Hence, in order to continue growing, the grains may bend ( figure 5(c) ). However, the bending induces distortions at the atomic scale and thus a driving force arises that favours the grains to remain planar. This force can turn the platelet in an orientation parallel to the obstacle as long as the platelet is small enough and other grains do not hinder the movement ( figure 5(d) ). This leads to a collective alignment of neighbouring grains [8] .
Despite these arguments [6] [7] [8] [9] , these models give an incomplete explanation of the various phenomena observed during the texture development of BSCCO materials. With respect to the mechanism of heterogeneous nucleation, the model excludes the state of texture in the central regions of films and tapes, and assumes the nucleation of superconductor crystals to occur preferentially for nuclei oriented with their c-axis perpendicular to the interface. Concerning the buoyancy effect, Zhang and Hellstrom [7] and Ray and Hellstrom [11] performed some experiments in which the samples were partially melt processed in different orientations with respect to the direction of the gravity force, and no significant change in texture was noted. Furthermore, the buoyancy mechanism does not explain the enhancement in texture observed at the superconductor-Ag interface. These aspects imply that the buoyancy of 2212 is not a major factor inducing grain alignment. In the opportunistic crystal growth model [8] , computer simulations [9] have shown that the effect due to this mechanism is too weak to explain the high degree of texture achieved in melt-processed samples. In addition, in accordance with the opportunistic model, one would expect to find in thick films or tapes various grains oriented with their c-crystallographic axis parallel to the interface. However, this type of orientation is rarely observed. Moreover, the model does not take into account heterogeneous nucleation and thus the role of the substrate is only considered as a limiting barrier. Finally, for the model based on anisotropic grain growth a direct observation has not yet been made. However, Bi-2212 grains in contact with each other and having their c-axes parallel with each other cannot explain the difference in texture as a function of thickness and the enhancement of texture at the free surface.
In general, although several mechanisms for the formation of texture in melt-processed BSCCO materials have been proposed [6] [7] [8] [9] , it seems that no model can explain all the observed microstructural features. Having this in mind, we propose in the following sections a model for the texture development of BSCCO materials based on interfacial energy considerations. In order to prove the validity of the model, a few experiments have been performed and their results related to the predictions of this model.
Experimental details
In order to verify the consequences resulting from the model (section 3), three different experiments have been designed.
( • C for 12 h in air. The samples were then ground in an agate mortar and pestle, pressed into pellets and sintered at 860
• C for 24 h. The samples were finally ground into fine particles and the particles were deposited on silver foil in isopropanol. Previously, some grooves (1-3 µm deep) were created on a silver substrate. The composite was finally melt processed, following the diagram of figure 2.
(b) Bi-2212 pellet. Bi-2212 pellets were prepared with high purity (99.9%) Bi 2 O 3 , SrCO 3 , CaCO 3 , PbO and CuO weighed according to the nominal composition Bi 2.15 Sr 2.05 Ca 0.95 Cu 2 O x . The initial powders were mixed and ground, placed into a ball mill with ethyl alcohol and subsequently ground for several hours. The alcohol was then evaporated. The remaining powder was then submitted to a calcination at 800
• C for 24 h. Following the calcination procedure, 6 mm diameter pellets were made and subjected to an iso-press under 230 MPa. The pellet was finally melt processed, following the diagram in figure 2 .
(c) Bi-2223 + 5 wt% Ag pellet. Bi-2223 pellets were prepared with high purity (99.9%) Bi 2 O 3 , SrCO 3 , CaCO 3 , PbO and CuO weighed according to the nominal composition Bi 1.8 Pb 0.3 Sr 2 Ca 1.9 Cu 3.09 O x . The initial powders were mixed and ground, placed into a ball mill with ethyl alcohol and subsequently ground for several hours. The alcohol was then evaporated. The remaining powder was then submitted to a calcination at 810
• C for 12 h. Following the calcination procedure, 6 mm diameter pellets were made and subjected to an iso-press under 230 MPa.
The pressed pellets were pre-heated twice before the sintering cycle. The pre-heat treatments consisted of a slow heating rate (1
, in air, in the range 600-800
• C. Subsequently, 5 wt% of silver particles with an average size of 0.1 µm were introduced into the pre-treated samples which were sintered at 850
• C for 24 h followed by a slow cooling (10 • C h −1 ) under a partial pressure of oxygen (PO 2 ) of 0.075 atm. Following the experiments mentioned above, microstructural observations were performed in a JEOL 6320 FEGSEM and backscattered electron images were used to produce contrast from the different phases.
The model

Assumptions
We shall start by assuming that upon melt processing, and during solidification, the nucleation of superconductor crystals occurs heterogeneously on the substrate. Furthermore, we shall consider that the nucleation is completely random, i.e. the c-axis orientation of superconductor nuclei has no preferred direction with respect to the substrate (figure 6). In this fashion, and assuming anisotropic superconductor crystal growth behaviour where growth along the ab direction is preferred, as it has been shown in various investigations [12] [13] [14] , one would predict that after a time interval t two rather different situations should develop from the nucleation event assumed in figure 6 . It is assumed that during crystal growth the crystal shape develops into a plate-like configuration. Hence, in the case where the superconductor nucleus had its c-axis oriented parallel to the substrate, crystal growth would occur away from the substrate into the centre (figure 7), whereas for nuclei with their c-axis perpendicular to the substrate, crystal growth would follow the BSCCOsubstrate interface (figure 7). A comparison of the two cases shown in figure 7 with experimental microstructural observations, indicate that crystal growth away from the substrate into the centre of the film or tape is unlikely to occur. Thus, several consequences arise from these considerations, which we will now discuss in the following section.
Consequences from the model
Based on the assumptions discussed above and an analysis of the texture reported by many experimental observations in which superconductor grains align and grow with their c-axis along a foreign surface, the following inequality may be written:
where c is the vector orthogonal to the c surface, ab is the vector orthogonal to the ab surface, 
where the symbols have the same meaning as before. In other words, for superconductor crystals to grow along the substrate and not away from it, the sum of the interfacial tension between the superconductor c surface and a foreign surface, and the interfacial tension between the superconductor ab surface and the liquid needs to be less than the sum of the interfacial tension between the ab surface and the substrate, and the c surface of a superconductor crystal and the peritectic liquid. As crystal growth progresses, and due to an anisotropy in the growth rates of the c and ab surfaces, the superconductor crystals develop into plates with aspect ratios of about 10-30. Therefore, if we assume A 1 A 2 we can approximate equation (2) to the form,
In other words, inequality (3) shows that the superconductor crystal minimizes its energy when its c surfaces remain in contact with a foreign surface. The foreign surfaces can be any surface with which a BSCCO crystal could come in contact, such as the silver substrate, particles of second phase, pores, other BSCCO platelets and the free surface. Assuming inequality (3) to be true, we may write for the case of heterogeneous nucleation on a foreign surface
where γ S/L is the solid-liquid interfacial energy per unit area of interface. If A is the area of contact, the change in free energy of the system can be written as
where the gain in energy is proportional to the area of contact, equation (5) . If the surface of the crystal in contact with the substrate is not the c surface (figure 8), the area of contact is considerably smaller (typical aspect ratios for BSCCO crystals are between 10 and 30) and so the gain in energy associated with the contact can be expressed as
where G Bi,S (n) is the energy gain when a BSCCO crystal surface with normal vector n = c is in contact with a solid surface. Consequently, in this case, the contact is less stable and the superconducting crystal will more likely move away. Thus far we have assumed that the nucleation of BSCCO crystals is heterogeneous. However, homogeneous nucleation may also occur and thus it is important to determine whether the interfacial energy may have a significant effect on the type of nucleation. As an example, let us consider silver as the foreign surface, for which the excess energy associated with the formation of a superconductor embryo can be written as
where V is the volume of the BSCCO embryo; G V is the change in the chemical free energy per unit volume of the solid and A Bi/Ag , A Bi/L and A Ag/L are the interfacial areas between the silver and the embryo the peritectic liquid and the embryo, and the silver and the liquid, respectively. Assuming as an approximation the shape of the superconductor embryo to be a spherical cap, where the superconductor c-axis is orthogonal to the BSCCO-Ag interface (figure 9), the activation energy barrier against heterogeneous nucleation is given by [15] 
where G * H et is the activation energy barrier against heterogeneous nucleation, G * H om is the activation energy barrier against homogeneous nucleation and k is a parameter given by
where n is a vector normal to the surface. Equation (4) implies that k < 1, which subsequently gives
Thus, the activation energy barrier against heterogeneous nucleation is expected to be significantly lower than the activation energy barrier against homogeneous nucleation.
Experimental results
In order to verify the previous model, it was appropriate to investigate the microstructure of BSCCO samples processed under different conditions for which the final microstructure should be affected by the thermodynamics of the interfaces. If the interfacial energy of a foreign surface satisfies inequality (4), the BSCCO grains in contact with that surface are expected to align preferentially with their c surface parallel to the foreign surface. The samples investigated in this work have been designed specifically to test inequality (4) for the cases of contact between a BSCCO crystal and an impurity phase or silver. Both Bi-2212 and Bi-2223 phases were considered because the interfacial energy relations in both cases are expected to be rather similar, the major difference being the extra CuO 2 plane of the Bi-2223 phase. In addition, although Bi-2223 is usually not melt processed, one should have in mind that Bi-2212 is the principal precursor material utilized for the production of Bi-2223 superconductor material. 
Bi-2212-impurity phase.
In this experiment a meltprocessed Bi-2212 pellet was prepared for the purpose of studying the interfacial tension between Bi-2212 grains and impurity phases. A pellet was preferred over a thick film, for this case, because the microstructure observed within a bulk sample is less affected by the constraints imposed by the substrate. The final microstructure consists mainly of Bi-2212 and a few impurity phases, particularly Bi-2201 and the Bi-free 014 × 24-phase. Figure 10 shows a partial cross section of a Bi-2212 pellet, in which two black impurity particles (the Bi-free phase) are entrapped by Bi-2212 grains.
As shown in figure 10 , the superconductor grains are in contact with the impurity phases preferentially with their c surface.
Bi-2212-silver substrate.
For the case of the Bi-2212-silver interface, we have observed a Bi-2212-Ag thick film in which the silver substrate was previously treated in order to present irregularities on its surface. The final thickness of the film was close to 40 µm and consisted of Bi-2212 (dark grey phase) and Bi-2201 (light grey phase), (see figure 11 ). The conversion from Bi-2201 to Bi-2212 was deliberately modest, since the contrast between the Bi-2201 and Bi-2212 phases makes it easier to distinguish the grain orientation. In figure 11 , a cross section of a meltprocessed Bi-2212-Ag thick film is shown where the silver ribbon exhibits two bumps of similar depth. In addition to the alignment along the Bi-2212 longitudinal direction, the presence of bumps acts as a template for the Bi-2212 grains. Microcracks are also evident on the region of higher curvature (white arrows), probably a consequence of the fast cooling (fast thermal contraction) and high stresses present in that region.
Bi-2223/silver particle
A Bi-2223 pellet processed with an addition of 5 wt% silver particles has been observed in order to understand the phenomena occurring at the Bi-2223-Ag interface. After processing the pellet, an analysis by EDS found the material to consist mainly of Bi-2223, with considerable amounts of Bi-2201, the Bi-free 014 × 24-phase, a Cu-free phase and silver particles with sizes ranging from 5 to 10 µm. Figure 12 shows the cross section of a Bi-2223 pellet where a high Figure 12 . SEM backscattered electron image of a cross section of a sample composed by Bi-2223 + 5 wt% Ag particles. The black phase has been identified by EDS as a Bi-free impurity phase, the dark grey area as the Bi-2213 phase and the light grey particles as silver. The letter 'T' indicates a silver particle of triangular shape. Figure 13 . SEM backscattered electron image of a cross section of a pellet composed by Bi-2223 + 5 wt% Ag particles. The black phase is a Bi-free impurity phase, the dark gray phase is Bi-2223 and the large light gray phase is a silver particle. The white arrows indicate regions of intergrowth of Bi-2223 crystals into the silver particle.
degree of contact between the silver particles and the Bi-2223 phase is evident. Bi-2223 grains follow the orientation of the silver surface, orienting their c-axis orthogonal to the silver surface. This phenomenon is particularly visible around the triangular-shaped silver particle (T in figure 12 ) located in the upper-central portion of the micrograph. In figure 13 , a large silver particle (∼10 µm) is delimited by the planar surface of the Bi-2223 grains. There is noticeable intergrowth of Bi-2223 crystals into the silver particle. This phenomenon has not been thoroughly understood and a detailed investigation of the conditions leading to the intergrowth would be necessary to understand its mechanism of formation. 
Discussion
The fact that Bi-2212 crystals have their c surface in contact with impurity phases (figure 10) supports the idea that the interfacial energy of BSCCO crystals is minimized when the c surface is in contact with an impurity phase. The same claim can be made from the microstructural observations of the silver substrate and silver particles with respect to the Bi-2212 and Bi-2223 crystals ( figure 11-13 ).
In general, BSCCO crystals that have nucleated on a foreign surface may have their c-axis oriented randomly with respect to the interface. However, crystals which have their c-axis perpendicular to the nucleating surface have a high probability, during crystal growth, of conserving their parallel orientation with respect to the interface, in order to reduce their overall interfacial energy. On the other hand, crystals which have their c-axis parallel to the interface are restrained from growing and are probably consumed by grains aligned with their c-axis perpendicular to the interface ( figure 14) . Consequently, in the absence of other concurrent nucleation phenomena, the parallel alignment of crystals in contact with the substrate (or free surface) will propagate from the substrate (free surface) inward into the film, leading to a highly textured sample. In addition, secondary phases, such as the Bi-free phase that is always present in the peritectic liquid, can also act as a good source for the nucleation of 2212 grains. However, due to the arbitrary shape of second phase particles, their surfaces are randomly oriented with respect to the substrate and, consequently, 2212 crystals nucleating on secondary phases are not aligned with respect to the silver substrate. In summary, even when the mechanism of homogeneous nucleation is absent, heterogeneous nucleation cannot be responsible for the texture observed in the Bi-2212 samples.
Consider now the evolution of superconductor crystals in the early stage of crystal growth during processing at high temperatures. A single Bi-2212 crystal in the peritectic liquid is subjected to high thermal agitation (proportional to k B T , where k B is the Boltzmann constant and T is the absolute temperature). In addition, other phenomena, such as the difference in density between the 2212 crystals and the peritectic liquid, the presence of surface charges on the superconductor crystals and the convective motion of the Figure 15 . Interaction between Bi-2212 crystals during the crystal-growth regime. In (a) the two crystals contact, which leads to grain rotation in order to minimize their interfacial tension. As a consequence, in (b) the two crystals stack their c-axis parallel to each other.
liquid may enhance the mobility of a superconductor crystal. As a result, crystals growing in the peritectic liquid can be considered mobile. This argument is supported by two experimental observations. First, samples that were melt processed under a high magnetic field exhibited rotation of superconducting crystals during early crystal growth [16] . Second, in situ observations with a high-temperature optical microscope showed Bi-2212 crystals floating on the free surface [10] .
Having this in mind, let us examine the case of a growing superconductor crystal in the process of coming into contact with another Bi-2212 crystal floating in the liquid. The more energetically favourable contact arising between the Bi-2212 crystals is between their c planar surfaces. As a consequence, Bi-2212 crystals will be likely to rotate their c surfaces parallel to each other ( figure 15 ). Thus, even when homogeneous nucleation is likely to occur, such as for large undercoolings, we may predict that superconductor crystals will begin to form regions, or colonies, of aligned grains. As these colonies grow they become less mobile, an effect of the augmented inertia and the concomitant decrease in the amount of available liquid. Ultimately, as the liquid disappears colonies will not be able to move and they will impinge upon each other without changing their orientation. Consequently, in the absence of planar constraints, the grains will be locally aligned, but will not exhibit long-range order as a result of impingement between colonies with different orientations. This situation is typically observed in bulk specimens such as pellets [9] where Bi-2212 crystals are arranged in bundles of similarly oriented grains while the orientation of the bundles themselves appear to be random through the entire cross section.
Long-range order may be attained when planar constraints are present, such as in the case of thick films or tapes. In these conditions, superconductor crystals will preferentially adhere to the silver substrate (or the free surface) with their c planar surface, resulting in a c-axis orientation perpendicular to the silver substrate (or free surface). Moreover, grains aligned with the substrate may transfer their c-axis alignment to adjacent grains. In this way the orientation of the superconductor crystals may propagate across the oxide film. Evidently the influence of the silver substrate or free surface on the texture of the grains will decrease with distance from the surface. In this manner thicker films exhibit a lower degree of texture.
In addition to the sample thickness, the rate of cooling also affects the texture development in melt-processed thick films. Based on the above discussion, two misaligned crystals may align their c-axis if they come in contact and adhere through their planar surfaces. However, when the amount of liquid phase is small, the rotation of superconductor crystals will be impeded by solid obstacles and consequently crystal alignment will be hindered. On this basis, it is reasonable to infer that when the rate of cooling is slow (10 • C h −1 ) the system will spend more time in a regime during which alignment of the crystals may take place and texture can be maximized. However, for a fast cooling rate (1
• C min −1 ), little time is allowed for the superconductor crystals to align before impingement becomes dominant. Thus, a slow cooling rate during crystal growth will maximize the texture. Experiments performed with different cooling rates have shown that slow cooling rates near the solidus temperature result in thick films or tapes with the highest degree of texture [11] .
The development of texture is also influenced by large secondary phase particles (or pores) during crystal growth. Since superconducting crystals can decrease their interfacial energy by having their planar surface in contact with a secondary phase particle, and secondary phases have commonly an arbitrary shape, general alignment with the substrate is more unlikely to occur. As a consequence, the texture of the superconducting phase in the proximity of large secondary phase particles will be poor. Furthermore, since Bi-2212 thicker films contain a significant amount of impurity phase, the misalignment effect due to the presence of impurities will be greater in these samples. Therefore, besides the fact that the presence of secondary phases reduces the total superconducting volume fraction, the more significant influence on the transport properties of BSCCO superconductors is its deleterious impact on the development of texture.
While texture development in Bi-2212 films can be thoroughly addressed by inequality (4), further assumptions are required to fully understand the mechanisms of alignment of Bi-2223 platelets. In fact, the texture development of Bi-2223 tapes, besides the role played by phase transformations [15] , is complicated by the pressing and rolling operations between the heat treatment sequences. As a consequence the alignment process is strongly affected by various factors, such as the precursor powder and heat treatment process. Notwithstanding this, the alignment has been found to be partially or completely achieved before the transformation from Bi-2212 to Bi-2223 occurs [17] . Thus, the mechanisms of alignment for Bi-2212 grains described above continues to play a prominent role in the formation of Bi-2223.
To date, metallic silver has been preferentially adopted for the preparation of Bi-2212 and Bi-2223 superconducting samples. Silver constitutes an appropriate substrate for Bi-based superconductors because it fulfils the following important requirements. These are: (1) a higher melting point than the superconductor, (2) inertness in contact with the superconductor material during the process and (3) high oxygen permeability. These properties, together with the fact that the presence of silver offers high thermal conductivity, low resistivity and enhances the mechanical properties of the sample, have made silver the best substrate for Bi-based superconductors. In addition, it has been argued that silver could play a special role in enhancing the texture of Bi-2212 and Bi-2223 [18] . In particular, it has been proposed that an increase in texture is due to the fact that silver induces a decrease of the solidus temperature of Bi-2212 by up to 30 K [18] . While silver has a beneficial influence on the Bi-2212 system, allowing the melt process to be performed at lower temperatures with minor vaporization of Bi, the hypothesis that the texture is a consequence of the shift in the Bi-2212 solidus temperature is more arguable.
Based on the present work we suggest that the effect of silver on the solidus temperature of Bi-2212, and its role in enhancing the development of the texture in Bi-2212-Ag films and tapes are two separate mechanisms. While the effect of silver on the solidus temperature is the result of the formation of an eutectic phase [19] between Bi-2212 and silver, its role in enhancing texture development should be a consequence of a decrease in the total interfacial energy.
Finally, the fact that the texture development in BSCCO-Ag tapes could follow from interfacial effects suggests that other materials which do not react with the BSCCO material could also constitute a suitable substrate. Gold could be a good candidate, because it has the same crystal structure and similar electronic configuration as silver. Experiments performed with this noble metal have proven that textured Bi-2212 films may be produced by a partial melt process on a gold substrate, although with different amounts of secondary phases [7, 20] . However, this difference is imputable to the diverse effect of gold on Bi-2212 phase stability. While gold does not affect the melting temperature of Bi-2212, silver does. In fact, when Bi-2212 has been processed on a substrate composed of an Ag-Au alloy, no relevant difference has been noticed in the critical current density with respect to the pure silver substrate [21] . Based on this result, it is predictable that with the addition of silver powder, Bi-2212 could be processed on a gold substrate following the same heat treatment used for the silver substrate. The surface of gold will have the advantage of not degrading when BSCCO melts, whereas silver diffuses and roughens its surface.
Conclusions
Interfacial energy effects between BSCCO crystals, and silver (as a substrate or dispersed particle), secondary phases and pores have a crucial role in the texture development of BSCCO superconductors. It has been shown that the interfacial energy of a BSCCO crystal is minimized when the planar surface of the crystal is in contact with a solid surface. This fact results in two important consequences. (1) Second phase particles and pores have a deleterious effect on the texture formation due to their arbitrary shape and orientation within the superconducting material. (2) The silver substrate enhances the texture formation of superconductor grains by offering a flat surface with a favourable interfacial energy for Bi-2212 grain alignment.
